Decapentaplegic (dpp), a TGFJ3-related ligand, plays a key role in Drosophila development. Although dpp receptors have been isolated, the downstream components of the signaling pathway remain to be identified. We have cloned the schnurri (shn) gene and show that it encodes a putative zinc finger transcription factor homologous to the human major histocompatibility complex-binding proteins 1 and 2. Mutations in shn affect multiple events that require dpp signaling as well as the transcription of dpp-responsive genes. Genetic interactions and the strikingly similar phenotypes of mutations in shn and the dpp receptors encoded by thick veins and punt suggest that shn plays a downstream role in dpp signaling.
Introduction
The establishment of positional identity in the dorsal region of the Drosophila melanogaster embryo results from an activity gradient of dpp, a member of the transforming growth factor 13/bone morphogenetic protein (TGFI~/BMP) family (Padgett et al., 1987) . Cells in the dorsal half of the embryo respond to different levels of dpp activity by adopting distinct cell fates (Ferguson and Anderson, 1992a; Wharton et al., 1993) . The dorsal-most cells, which differentiate into the amnioserosa, are specified by high levels of dpp activity, while the dorsal ectoderm, derived from dorsolateral cells, is specified by lower levels of dpp. In dpp mutants, all cells in the dorsal half of the embryo differentiate as ventral ectoderm (Irish and Gelbart, 1987) . Dpp is also required at later stages for normal gut morphogenesis and imaginal disk development (Spencer et al., 1982 ; reviewed by Skaer, 1993) .
The recent isolation of receptors for TGFI3-type ligands represents a major advance in understanding the sequence of events that occur in response to these secreted proteins. In mammalian systems, TGFI3s have been shown to bind two classes of transmembrane receptor serine/threonine kinases (reviewed by Wrana et al., 1994) . TGFI~ is thought to bind type II receptors that are constitutively active. The presence of the bound ligand allows the recruitment of type I receptors to the complex. The type II kinase then phosphorylates the type I receptor, resulting in its activation, in Drosophila, the saxophone (sax) and thick veins (tkv) genes encode type I receptor serine/threonine kinases that bind dpp/BMP2 (Brummel et al., 1994; Penton et al., 1994; Nellen et al., 1994; Xie et al., 1994) , while the punt gene product has recently been identified as a type II dpp receptor (Letsou et al., 1995) .
Exposure of cells to TGFJ3-type ligands can trigger changes in the transcriptional state of downstream genes. For example, dpp is necessary for the maintenance of zen expression in the prospective amnioserosa and the transcription of wingless (wg) and bagpipe (bap) in the mesoderm (Ray et al., 1991; Staehling-Hampton et al., 1994; Frasch, 1995) . In mammalian cells, TGF~ downregulates transcription of extracellular matrix metalloproteases and up-regulates the expression of fibronectin and plasminogen activator inhibitor (reviewed by Massagu~, 1990; Attisano et al., 1994) . While TGFl3-responsive promoter elements have been identified in mammalian genes, the chain of events between the reception of the signal and changes in transcriptional activity remains to be defined (reviewed by Attisano et al., 1994; Wrana et al., 1994) .
We have cloned shn and demonstrate that it encodes a protein homologous to a family of mammalian transcription factors. Several lines of evidence indicate that shn is involved in multiple patterning events that require dpp activity. We also show that the phenotype of shn mutants is strikingly similar to that of zygotic mutations in the dpp receptor-encoding genes tkv and punt, suggesting that all three genes affect a common developmental pathway. We demonstrate that shn is not a transcriptional regulator of dpp, tkv, or punt. Mutations in shn disrupt dpp autoregulation and affect the expression of dpp-responsive genes, indicating that shn is a downstream component of the signal transduction pathway.
Results

Mutations in shn Affect Dorsal Ectodermal Patterning
The shn gene was identified in a screen for zygotic embryonic lethal mutations on the second chromosome (N~ss-lein-Volhard et al., 1984) . The weakest phenotype is exhibited by the temperature-sensitive allele shn/MS~ at 18°C. In these embryos, head involution is disrupted, and the larval cuticle is associated with an anterior dorsal hole. The dorsal cuticle is reduced, and the ventral denticle belts are expanded, suggestive of partial ventralization (Figures 1A and 1B; see Experimental Procedures) . In the strong mutant phenotype seen in shn ~B°9 embryos (and in shn ~M56 at 29°C), dorsal closure fails to occur, resulting in a large opening on the dorsal side, through which the internal organs are extruded ( Figure 1C ). The dorsal epidermis is significantly reduced. Laterally derived structures such as the cephalopharyngeal skeleton and the filzkSrper are less frequently affected. While mutations in other genes of the , high magnification view of shd s°e, using phase contrast optics. The dorsal cuticle is reduced. The juxtaposition of the dorsal hairs with the ventral denticlee suggests the loss of naked lateral cuticle (compare with A). The ventral denticlee at the lateral margin are disorganized (arrowhead). The necrotic edge of the dorsal cuticle is marked with an arrow in (C)-(E). (F) A weakly ventralized dpp 27 cuticle, showing partial expansion of ventral denticle belts. The terminal structures are displaced into the embryo, owing to defects in gastrulation. FilzkSrper are fused. (G-H) Double-mutant dpp 27, shn ze°9 embryos (G) have a severely ventralized phenotype similar to dpp"46-null mutants (H). They do not differentiate any dorsal cuticle. Rings of ventral denticles encircle the embryo, and filzkSrper are usually absent. so-called dorsal open class result in a superficially similar phenotype (JCirgens et al., 1984; NGsslein-Volhard et al., 1984; Wieschaus et al., 1984) , shn embryos are additionally characterized by the abnormal orientation and distribution of denticles in the lateral region ( Figure 1E ). Thus, analysis of the shn cuticle phenotype indicates patterning defects in the dorsal and lateral ectoderm.
The patterning defects in shn le°9 embryos may represent the severe loss-of-function phenotype, since transheterozygotes for this allele and a deficiency for the shn locus (Df(2R)enB) have similar phenotypes. Embryos lacking both maternal and zygotic shn activity (see Experimental Procedures) have defects similar to those seen in mutants lacking zygotic shn alone, suggesting that maternal shn product does not contribute to embryonic development.
Alternatively, the alleles examined may retain residual activity (see Figure 5B) .
Specification of the dorsal region of the embryo requires dpp activity. Since mutations in shn affect a subset of the regions missing in a dpp-null embryo, we tested the ability of mutations in shn to enhance the phenotype of hypomorphic dpp alleles. Embryos mutant for dpp 27 are weakly ventralized, owing to the partial transformation of dorsal cells to ventral fates ( Figure 1F ; Arora and NGssleinVolhard, 1992) . In contrast, d p~ 7, shn ~a°9 double mutants show a severely ventralized phenotype similar to that of dpp-null mutants, in which all dorsal ectodermal cells are transformed to ventral fates ( Figures 1G and 1H) . The double-mutant embryos lack a dorsal hole and instead differentiate rings of ventral denticles that completely encircle the larvae. The ability to enhance the weak dpp phenotype is specific to mutations in shn and tkv among genes of the dorsal open class (see Experimental Procedures). Two other zygotic genes, screw (scw) and tolloid (tl~, are thought to modulate dpp activity positively (Ferguson and Anderson, 1992b; Arora et al., 1994) . Mutations in shn also enhance the partial ventralization caused by scw and tld alleles (data not shown).
Intriguingly, patterning defects resembling those observed in shn embryos are caused by mutations in tkv and punt (Figures 1C and 1D; Terracol and Lengyel, 1994; Letsou et al., 1995) . Embryos lacking zygotic tkv or punt activity fail to undergo dorsal closu re and show a reduction in the dorsal cuticle, tkv encodes a type I dpp receptor, while punt encodes a type II dpp receptor (Brummel et al., 1994; Nellen et al., 1994; Penton et al., 1994; Letsou et al., 1995) . The similar effects of mutations in shn, tkv, and punt suggested that shn might be a component of the dpp signaling pathway. To examine the possibility that shn provides an independent input into the system, we analyzed the zygotic phenotype of shn, tkv and shn; punt double mutants. In both cases, the double-mutant phenotype was not significantly stronger than either single mutant alone (data not shown), suggesting that shn acts in a common pathway with tkv and punt.
To determine the basis of the dorsal closure defect, shn embryos were stained with an antibody against the cytoskeletal protein spectrin to follow the morphology of the cells (Young et al., 1992) . In wild-type embryos, dorsal closure occurs when a sheet of dorsal epidermal cells advances over the amnioserosa to enclose the embryo. The cells at the leading edge assume a characteristic rectangular appearance, while more lateral cells appear polygonal ( Figure 2A) . In shn mutants, the dorsal epidermal cells are polygonal like the lateral cells in a wild-type embryo, suggesting an alteration in cell fate ( Figure 2B ). In addition, these cells do not accumulate nonmuscle myosin, which may be involved in pulling the epithelial layer over the amnioserosa (Young et al., 1992 ; data not shown). Interestingly, in embryos lacking zygotic tkv activity, the dorsalmost epidermal cells behave in a similar manner (data not shown), shn embryos show altered expression of specific markers at least 2 hr prior to the onset of dorsal closure (see below), suggesting that the failure of dorsal closure is a consequence of earlier patterning defects. 
shn Is Required for Mesodermal Patterning
Since dpp is required at multiple times during development, we wished to determine whether mutations in shn affect other dpp-dependent patterning events. It has recently been demonstrated that dpp is required for the correct specification of the dorsal region of the mesoderm.
During stages 8-10, dpp in the dorsal ectoderm acts as a paracrine signal to regulate the expression of the transcription factors tinman (tin) and bap in a subset of the underlying mesodermal cells (stages according to CamposOrtega and Hartenstein, 1985; Staehling-Hampton et al., Frasch, 1995) . Both tin and bap are required for the expression of fasciclin III in the visceral mesoderm (Azpiazu and Frasch, 1993) . bap is initially expressed in metamerically repeated primordia ( Figure 2C ) that merge at their anterior-posterior boundaries to form a continuous sheet of visceral mesoderm (Azpiazu and Frasch, 1993) .
By contrast, in shn mutants, the number of cells expressing hap is reduced, and these cells never form a continuous band ( Figure 2D ; data not shown). Perhaps as a consequence, fasciclin III expression is interrupted by gaps in a roughly segmental fashion, indicating that the number of fasciclin Ill-expressing cells is reduced ( Figures 2E and   2F ). Significantly, similar defects in fasciclin III staining are seen in weak dpp alleles ( Figure 2G ). Mutations in shn enhance the mesodermal defects observed in weak dpp alleles, as shown above for the defects in the ectoderm.
Thus, in shn ~e°9, dpp 2~ double mutants, mesodermal fasciclin III expression is abolished, comparable to the complete loss of fasciclin III expression in a dpp-null embryo ( Figure 2H ; data not shown). Patterning defects can also be detected in other derivatives of the dorsal mesoderm, such as the even-skipped (eve)-expressing pericardial cells that form segmental clusters on either side of the amnioserosa ( Figure 21 ; Frasch et al., 1987) . In shn embryos, most of the pericardial clusters are missing ( Figure   2J ). Thus, mutations in shn have pleiotropic effects, and shn is required for the expression of dpp-responsive genes in the mesoderm.
Mutations in shn Affect dpp Autoregulation
One of the best-characterized examples of a network of regulatory interactions dependent on dpp activity is seen in the development of the embryonic gut. Transcription of dpp in the visceral mesoderm of parasegment 7 (PS7) is controlled by the homeotic gene Ultrabithorax (Ubx) and is positively autoregulated by dpp activity (reviewed by Skaer, 1993) . This dpp expression is necessary for the maintenance of wg expression in the adjacent cells of PS8, as well as for the normal expression of/abial (lab) in the underlying endodermal cells. To demonstrate that shn is required for dpp signaling, the expression patterns of dpp, wg, and/ab were assayed. In shn mutants, dpp transcripts are absent from PS7 and the primordia of the gastric ceca (PS3) ( Figures 3A and 3B ). In addition, wg protein is not detectable in PS8, and the level of lab protein is reduced (Figures 3C and 3D ; data not shown). Consistent with the failure to express these critical patterning molecules, shn mutants show severe defects in gut morphogenesis (Figures 3E and 3F) . Significantly, in shn mutants, dpp tran- scripts can be detected in regions of the gut that are not subject to autoregulation ( Figures 3A and 3B ). These results suggest that shn affects dpp activity rather than its transcription. Embryonic lethal alleles of tkv and punt also affect gut development and have been shown to affect the expression of dpp, wg, and lab in a similar manner Penton et al., 1994; Letsou et al., 1995) .
Molecular Cloning of the shn Region
The shn gene was localized to the 47E-F cytological region on the second chromosome (NOsslein-Volhard et al., 1984) . A P element-induced lethal line (P-4738) generated by A. Spradling and coworkers contains a single transposon inserted at the 47E-F region and fails to complement existing alleles of shn. Homozygous P-4738 embryos have a cuticular phenotype similar to that of shn ~s°~ (data not shown). Mobilization of the P insertion demonstrated that the transposon was responsible for the mutant phenotype (see Experimental Procedures). Genomic DNA flanking the transposon insertion site was isolated by plasmid rescue and used to initiate a chromosomal walk in the region ( Figure 4A ). DNA fragments spanning -8 kb on either side of the insertion were used to screen cDNA libraries (see Experimental Procedures). The largest cDNA recovered was an almost full-length 7.6 kb clone that is incomplete at the 5' end. Additional clones were isolated that represent two alternate 5' ends ( Figure  4A ). The 5' end of cDNA A maps proximal to the P insert and extends across a large intron that contains the transposon. In contrast, the 5' end of cDNA B is located distal to the P insert. A third group of cDNAs, type C, map entirely to the proximal side of the P insert and share the 5' exon found in type A. cDNA A-and cDNA B-specific probes hybridize to a transcript -9 . 5 kb in length on a developmental Northern blot, indicating that these cDNAs are close to full length ( Figure 4B ; data not shown). The 5' exon shared by A and C also hybridized to a 9.5 kb band, suggesting that all three messages are derived from the same gene by differential splicing. A band corresponding to type C message alone was not detected, possibly owing to low abundance. Whole-mount in situ hybridizations to embryos also indicate that transcript C is less abundant than transcript A (data not shown). Thus, it appears that the shn gene gives rise to at least three transcripts, including an embryonic form that spans the P element insertion site.
shn Encodes a Zinc Finger DNA-Binding Protein Homologous to Mammalian Transcription Factors
We determined the sequence of cDNAs corresponding to all three transcripts. A single long open reading frame (ORF) is found in cDNA A that encodes a putative protein of 2528 amino acid residues, cDNA B utilizes an upstream in-frame ATG that results in an additional 50 amino acids before convergence with the ORF in cDNA A. Neither ATG shows a good match to the Drosophila consensus transla- . Shn contains a total of seven zinc fingers, in contrast with the two paired finger domains in MBP2. MBP1 is very tion start signal, and the N-terminal region of the ORF shows very poor Drosophila codon bias. We notice a dramatic shift in codon usage at the next ATG at position 250 ( Figure 5A ), which is preceded by a good match to the consensus start sequence• The stop codon at nucleotide 8075 is followed by 874 nt of 3' untranslated sequence and a poly(A) tail. Type C cDNAs did not contain any significant ORF• However, the presence of poly(A) residues at the 3' end of the type C clones suggests that they represent in vivo polyadenylated transcripts• Conceptual translation of the ORF in cDNAs A and B reveals the presence of seven zinc finger DNA-binding domains of the CysaHisa type (Miller et al•, 1985) • The finger motifs are organized as three pairs and a single unpaired finger. The first and second paired domains are separated by 1279 amino acids, while the third pair is 440 residues away, succeeded after a gap of 28 residues by the last unpaired finger ( Figure 5B) • A region rich in acidic residues immediately follows the second pair of fingers and could function as a transcriptional activation domain• A second acid-rich region is located about 25 residues from the C-terminus of the protein ( Figure 5B ). The linker regions between the zinc finger domains are rich in Ser and Thr residues, which together make up 20% of the putative protein. Shn also contains stretches of polyglutamine residues typical of many Drosophila proteins.
A search of the GenBank database indicated that the putative shn protein is homologous to a family of transcription factors many of which were isolated on the basis of their ability to bind to sequence motifs resembling the immunoglobulin K gene enhancer• The proteins with the greatest similarity to shn include the human major histocompatibility complex-binding proteins 1 and 2 (MBP1 and MBP2) and kappa-binding protein 1 (KBP1) (Baldwin et al., 1990; Rustgi et al., 1990; van 't Veer et al., 1992) • MBP1 has also been isolated as HIV-EP1 (human immunodeficiency virus enhancer-binding protein 1) and PRDII-BF1 (interferon-13 positive regulatory domain II-binding factor 1) (Maekawa et al., 1989; Fan and Maniatis, 1990) • HIV-EP2 very closely resembles MBP2 (Nomura et al., 1991) • MBP1 and MBP2 share 33% overall identity with each other, and their DNA-binding domains are 92% homologous (van 't Veer et al., 1992)• Shn is almost equally related to both its human counterparts in the zinc finger domains and the residues immediately surrounding them. In the case of MBP1,67% of the residues in the first paired finger domain and 78% in the second paired finger domain are identical with shn ( Figure 5C) • Similarly, MBP2 and similar to MBP2 but has an additional unpaired finger in the spacer region. The adjacent part of the figure depicts the truncated proteins resulting from the shrf u56 and shn '8°9 mutations. (C) Comparison of the amino acid sequence of the DNA-binding domains of shn, MBP1, and MBP2. The first and second paired zinc finger domains of shn most closely resemble the corresponding first and second paired finger domains of MBP1 and MBP2. The third pair of shn fingers is compared with the second pair of fingers in the human proteins. The lone seventh finger of shn is compared with the fourth finger of MBP1 and MBP2, to which it is most closely related. Identical residues are shaded. shn share 66% and 78% identity in the corresponding paired finger domains ( Figure 5C ). Other less extensive regions of identity are present outside the finger domains. The human and Drosophila proteins are comparable in size and overall organization, although the number of DNA-binding domains is variable ( Figure 5B ). MBP2 contains only two pairs of zinc finger domains that roughly coincide with the positions of the first two pairs in shn. In contrast with MBP2, MBP1 contains an additional unpaired finger. All three proteins are rich in Ser and Thr residues. Shn also contains four copies of a sequence resembling the Ser-Pro-Lys/Arg-Lys/Arg (SPKK) motif, compared with two in MBP1 and eleven in MBP2 (Hill et al., 1990) .
Mutant Analysis Confirms the Identity of the shn Transcript
The P transposon in shn 4T~8 is inserted in an intron in the shn transcription unit (see Figure 4A ). It seemed probable that the transposon could cause the mutant phenotype by altering the level or spatial distribution of shn message. When shn 47~a embryos were hybridized with probe derived from the shn coding sequence, -2 5 % of the embryos failed to show a signal, suggesting that we had identified the transcription unit corresponding to the shn gene (see Figure 61) . As a further test, embryos from five independent viable lines generated bythe excision of the transposon were hybridized with the shn probe. All five showed normal spatial distribution and intensity of hybridization (data not shown).
Sequence analysis of shn Is°9 and shn ~MS~ confirmed the identification of the shn transcript. Both alleles were induced by ethyl methanesulfonate on the same isogenic chromosome, in shn ~M56, a C to T substitution in codon 779 results in the conversion of a Glu residue to a stop codon. The predicted protein is thus truncated past the first pair of zinc finger DNA-binding domains. Similarly, a C to T substitution at codon 1898 in shn IB°9 creates a premature stop codon that predicts a protein truncated downstream of the second pair of zinc fingers ( Figure 5B ).
Spatial Distribution of the shn Transcript
Early embryos show a uniform distribution of shn transcript, which disappears prior to the onset of zygotic expression (data not shown). At stage 4 and early stage 5, transcripts are localized in dorsal cells of the blastoderm embryo ( Figure 6A ). At late stage 5, shn RNA is also detected in ventral cells corresponding to the future mesoderm ( Figure 6B ). Prior to cellularization, the dorsal pattern refines into a series of stripes ( Figure 6C ), which fade as gastrulation proceeds. During germband extension, transcription is reinitiated in the mesoderm, the dorsal ectoderm, and the anterior and posterior midgut primordia ( Figures 6D-6F) . Later, low levels of staining are seen throughout the embryo in addition to higher levels of expression at sites such as the primordia of the gastric ceca and the PS6 and PS7 regions of the visceral mesoderm ( Figure 6G ). Expression of shn RNA persists through late stages of embryonic development ( Figure 6H ). During larval development, shn is expressed in a uniform pattern in imaginal disks (Figures 6J and 6K ). In the ovary, shn RNA is first detected in the germarium and from stage 6 onwards can be seen in the nurse cells and the developing oocyte ( Figure 6L ).
Analysis of Transcript Distribution in Mutants
The fact that shn is a putative transcription factor suggested an explanation for the similar spectrum of patterning defects seen in shn, tkv, punt, and dpp mutants. If shn regulates the transcription of any of these genes, loss of shn activity would result in a mutant phenotype similar to that produced by the affected gene. We therefore examined the distribution of dpp, tkv, and punt transcripts in shn mutants. Figure 6B ). In a stage 8 dpp embryo (D), mesodermal expression of shn is evident in the invaginated cells on the ventral side (arrowhead; compare with wild type in Figure 6D ).
The distribution of shn transcript is similar to that of dpp, especially during the early stages of development (this paper; Ray et al., 1991) . Both shn and dpp are expressed on the dorsal side of the embryo at blastoderm and in the dorsal ectoderm at early germband extension. Expression of dpp at these stages is unaffected in shn embryos (Figures 7A and 7B ; data not shown). This result indicates that shn is not a transcriptional activator of dpp. This is also relevant because the ectodermal expression of dpp at stages 8-10 is required for specification of the underlying mesoderm (Frasch, 1995) . Since dpp expression is unaffected in shn mutants prior to stage 11, the mesodermal defects in shn embryos cannot be attributed to the loss of dpp transcripts. In addition, the distribution of tkv and punt transcripts is unaffected in shn embryos (data not shown).
An alternative explanation for the similarity of the shn, tkv, and punt zygotic phenotypes could be that shn transcription occurs in response to dpp signaling. We therefore examined the distribution of shn RNA in dpp-null mutant embryos. Expression of shn transcripts in the presumptive dorsal ectodermal cells is unaffected in dpp-null mutants ( Figure 7C ). It is important to note that although dpp affects the expression of bap and tin in the mesoderm, mesodermal expression of shn is not altered in dpp embryos ( Figure  7D ). In agreement with these results, shn transcript distribution was unaffected in tkv and punt mutant embryos (data not shown). It follows that the phenotypic effects of dpp on the ectoderm and the mesoderm do not result from loss of shn transcription. Thus, our analysis indicates that shn activity rather than its transcription is modulated in response to dpp.
Discussion shn Plays a Role in the Dpp Signaling Pathway
We have characterized the phenotype caused by mutations in the shn gene and demonstrate that shn is involved in multiple patterning events that require dpp signaling. Specifically, mutations in shn affect the dorsal ectoderm, the dorsal mesoderm, morphogenesis of the midgut, and dorsal closure. The shn phenotype is very similar to the zygotic mutant phenotype of two genes that are required for dpp signal transduction, tkv and punt. Both tkv and punt encode transmembrane receptor serine/threonine kinases that bind dpp/BMP2 (Brummel et al., 1994; Penton et al., 1994; Letsou et al., 1995) . The observation that loss of shn activity results in defects that parallel the phenotype of mutations in the dpp receptors suggests that shn also plays a role in dpp signaling. The molecular analysis presented in this study shows that shn is homologous to a family of mammalian DNA-binding proteins. The fact that shn is a putative transcription factor suggests a number of models for its function. One possibility is that shn affects the establishment or maintenance of dpp expression. Alternatively, shn transcription may be dependent on dpp activity. As discussed below, our data favor a third alternative, i.e., that shn is one of the targets of the dpp signaling pathway and that its activity rather than its transcription is modulated in response to dpp. Thus, shn potentially represents the first of this class of downstream effectors to be isolated and characterized.
The assignment of cell fates within the dorsal half of the Drosophila embryo derives from a gradient of dpp activity, and in the absence of dpp, no dorsal pattern is specified (Irish and Gelbart, 1987; Ferguson and Anderson, 1992a; Wharton et al., 1993) . Other zygotic genes that affect dorsal patterning are thought either to modulate dpp activity or to act downstream of it (Ferguson and Anderson, 1992b; Arora et al., 1994) . The weak ventralization observed in shn mutants reveals its early role in dorsal ectodermal patterning (Figure 1 B) . This requirement for shn is dramatically apparent in double-mutant combination with weak dpp alleles. Double-mutant dpp 27, shd B°9 embryos show a complete loss of dorsal ectoderm. An explanation for the severe enhancement may lie in the fact that the dorsal region of the embryo is extremely sensitive to reductions in dpp activity (Irish and Gelbart, 1987) . Thus, when levels of dpp are suboptimal (as in dpl~7), the consequences of the loss of shn function are more than additive. Furthermore, analysis of shn embryos reveals that dorsal closure is affected. This morphogenetic movement requires dpp signaling, since zygotic mutations in the dpp receptors tkv and punt display similar defects Letsou et al., 1995) .
Since shn is a putative transcription factor, we considered the possibility that it acts as a transcriptional regulator of dpp or its receptors tkv and punt. This seems unlikely, as tkv and punt transcripts are unaltered in shn embryos. Similarly, shn does not regulate dpp transcription, since in shn mutants, dpp expression at blastoderm and during gastrulation is normal (Figure 7) . We also tested the idea that shn transcription might occur in response to dpp signaling. This does not appear to be the case, as the distribution of shn transcripts is unaffected by mutations in dpp, tkv, and punt (Figures 7C and 7D ; data not shown).
Strong evidence that shn and dpp have related functions comes from the observation that both genes affect patterning of the dorsal mesoderm, dpp expression in the ectoderm has been shown to induce the transcription of downstream genes such as bap, fasciclin III, and eve in the mesoderm Frasch, 1995) . In shn embryos, bap, fasciclin III, and eve expression is altered as early as at stage 10, demonstrating a role for shn in specifying the dorsal mesoderm. This is a key instance, in which the expression of the signal dpp is confined to the ectoderm while the transcription factor shn is expressed in the target tissue, the mesoderm. Importantly, expression of shn in the mesoderm is not abolished in dpp embryos, and ectodermal dpp expression is unaltered in shn mutants (Figure 7 ). Since both shn and dpp affect the transcription of the same downstream genes, we conclude that dpp regulates shn activity in the mesoderm rather than its expression.
Additional evidence that shn activity is required for dpp signaling comes from the fact that mutations in shn disrupt dpp autoregulation. Expression of dpp mRNA in the visceral mesoderm of PS3 and PS7 requires endogenous dpp function (Hursh et al., 1993) . Thus, mutations in components of the signaling pathway would be expected to alter dpp expression in PS3 and PS7, and indeed, mutations in shn, tkv, and punt abolish dpp transcription at these sites (this paper; Penton et al., 1994; Affolter et al., 1994; Letsou et al., 1995) . Since shn encodes a transcription factor, it is possible that it directly regulates dpp transcription in the gut. However, dpp expression is specifically lost in regions where it is autoregulated ( Figure 6G ), which argues that mutations in shn compromise the ability of cells in PS3 and PS7to respond to the dpp signal rather than affect dpp transcription per se.
Our results suggest that in addition to shn, other genes must be involved in transducing the dpp signal. The defects observed in shn mutants are much less severe than in the dpp-null phenotype. This phenotypic difference does not appear to result from perdurance of the maternal shn product, since embryos lacking both maternal and zygotic shn products were indistinguishable from embryos lacking only zygotic activity. It is likely that during early embryogenesis, another as yet unidentified gene compensates for the absence of shn function. In this case, dpp signaling would only be eliminated when both downstream effectors are mutated. There is evidence of overlapping function and redundancy in other aspects of the dpp signal transduction pathway. Two type I receptors, sax and tkv, have been identified for dpp. Despite clear evidence of an independent role for sax, ubiquitously expressed tkv transgenes can rescue sax mutants, demonstrating that they have partially redundant functions (Brummel et al., 1994) . In the same way, it is possible that other genes contribute a shn-like activity in the dpp pathway. Genetic screens have identified two additional genes, mothers against dpp and medea, that may be involved in dpp signal transduction (Raftery et al., 1995) .
A Model for shn Function
Molecular characterization of the shn gene provides support for the idea that it functions as an effector in the TG F~/ dpp signaling pathway. Shn is similar in size and organization to the MBP/PRDII-BFI/HIV-EP family of transcription factors (the MBP family), many of which bind sequences resembling those recognized by NF-KB (Maekawa et al., 1989; Baldwin et al., 1990; Fan and Maniatis, 1990; Rustgi et al., 1990; Nom ura et al., 1991; van 't Veer et al., 1992) . The region of greatest sequence conservation between shn and its vertebrate homologs lies in the first and second paired zinc finger DNA-binding domains. Within these regions of homology ( Figure 5C ), the identical residues include those that are thought to contact DNA, suggesting that shn could activate or repress target genes by binding to ~<B-like sequence motifs. Since the first and second paired finger domains in both PRDII-BF1 and MBP2 can bind DNA independently (Fan and Maniatis, 1990; van 't Veer et al., 1992) , it is possible that the three C-terminal finger domains of shn also bind independently and recognize additional sequence motifs.
The shn protein, like proteins of the MBP family, is rich in Ser and Thr residues and contains several copies of a motif resembling the SPKK repeat. A similar sequence motif in histone H1 is the target of cell cycle-dependent phosphorylation in vertebrates and developmentally regulated phosphorylation in sea urchins (Hill et al., 1990) , suggesting that shn may be regulated by phosphorylation. Following its activation in response to the dpp signal, shn could regulate the transcription of downstream dpp-responsive genes such as bap.
The homology of shn to mammalian proteins that bind KB-like sequences is curious, given the fact that dorsa/, a Drosophila NF-KB homolog, plays a key role in specifying positional information in the ventral half of the embryo (Rushlow et al., 1989; Roth et al., 1989; Steward, 1989) . Dorsal is known to regulate the expression of downstream genes by binding to =<B-like sites. It may be of evolutionary significance that two mammalian gene families (c-re~ and MBP) that were identified on the basis of their ability to bind similar DNA motifs have Drosophila homologs that play a role in embryonic dorsoventral patterning.
Finally, the similarity of shn to a family of mammalian transcription factors is notable. It has recently been shown that PRDII-BF1 can bind to the human immunodeficiency virus enhancer and activate transcription (Seeler et al., 1994) , suggesting a functional role for this protein. Little is known about the in vivo function of MBP proteins, though it may be significant that the transcription of the major histocompatibility complex genes is elevated in TGFI3-null mice (Geiser et al., 1993) . Given the degree of conservation between the mammalian and Drosophila proteins, it is tempting to speculate that transcription factors related to shn may play a role in the transduction of TGFI3/BMP signaling in vertebrates. In light of the well-characterized immunosuppressing and immunoenhancing effects of TGFI~ (reviewed by Massagu~, 1990) , it is striking that many of the MBP proteins were isolated because of their potential role in transcriptional regulation of genes involved in the immune response. It is also noteworthy that the Drosophila dorsoventral patterning system and the mammalian immune system have been hypothesized to have common evolutionary origins (Ip et al., 1993) .
Experimental Procedures Drosophila Stocks and Phenotypic Analysis
All stocks were obtained from the Bloomington Stock Center and the TL~bingen Stock Collection. Mutations of the dorsal open class tested for their ability to enhance the phenotype of either dpp 27 or t/d 98 were as follows: tk~, kayak 7P, punt pl, scab "G, canoe 9K, pannier 7G, /(2) 1A09, anterior open ~P, basket "J, and raw ~. Cuticle preparations were performed as described by Arora et al. (1994) .
To estimate the extent of ventralization, the first row of denticles in abdominal segments 3 and 6 (A3 and A6) were counted from >10 larvae. Denticle counts at 18°C were as follows: for wild-type, A3, 24 _+ 3; A6, 28 -+ 3; for shn just, A3, 32 _ 4; A6, 38 _ 4.
The P insertion in shn 47~ was mobilized by providing an external source of transposase. Flies that showed a loss of the rosy* marker were tested for their ability to complement the parental P allele and shn ~8°9. Of the 45 excision lines tested, 19 were viable and fertile.
Germline Clones
Pole cell transplantation was carried out as described by Arora and N~isslein-Volhard (1992) . Donor embryos were obtained from a cross between Df(2R)enB/CyO males and shnJ~°91CyO females. Fertile females produced either no mutant embryos (five females), -25% mutant embryos (eight females), or 50% mutant embryos (four females) depending on whether they had been implanted with wild-type, heterozygous, or homozygous mutant pole cells, respectively. The genotypes of the donor pole cells were also confirmed by scoring the markers of the adult progeny from crosses between the host females and shn~glCyO males.
Antibody Labeling
Antibodies were provided by C. Goodman (fasciclin III), D. Kiehart (spectrin), R. Nusse (wg), I. Duncan (AbdA), and T. Kauffman (lab). Antibody staining was carried out as described by Arora et al. (1994) . Stocks were maintained over a balancer carrying a P[wg-/acZ] insert, allowing the unambiguous identification of mutant embryos.
Isolation of Genomic and cDNA Clones Corresponding to the shn Locus Standard molecular biology protocols were employed. The close to full-length 7.6 kb clone and multiple cDNA clones corresponding to transcript C were isolated from an 8-12 hr embryonic cDNA library (Brown and Kafatos, 1988) . Overlapping clones corresponding to the 5' region of transcripts A and B were isolated from a randomly primed 0-24 hr embryonic cDNA library (Clontech) by conventional and polymerase chain reaction (PCR)-based screening. Both strands of the cDNAs were sequenced by the dideoxy chain termination method. The intron-exon boundaries were determined by comparing genomic and cDNA sequences.
Cloning and Sequencing of shn Alleles PCR primers 5'-GTCCTCCGTATCTGGCATTC-3' and 5'-GACCAATG-GCAI-I-GACATGA'I-IGCT-3'; 5'-GCCAACGGTCACCATTTGATG-3'and 5'-TTTATCTCCACCGCTCATCGG-3'; and 5'-CCTGCCAAACGCATC-AAGAC-3'and 5'-ATGAGTCTCGTGGTCTCGTTG-3'were used to amplify overlapping genomic DNA fragments from shn ~°g and shn j M56 homozygous mutant embryos. Two independent reactions were carried out for each primer pair, and the products were subcloned. DNA from ten separate clones, five from each reaction, was pooled in an equimolar ratio prior to sequencing. The two alleles served as polymorphismfree controls for each other.
Analysis of RNA Expression
Transcript distribution of dpp, tkv, punt, and bap was determined by using digoxigenin-labeled anti-sense riboprobes derived from subcloned cDNAs as described by Arora et al. (1994) . A 2.2 kb EcoRI fragment of shn cDNA was used to generate probes complementary to transcripts A and B. Transcript C-specific probe was derived from the 3' region of clone C.
